INTRODUCTION
The high-resolution Paleozoic δ 13 C record from marine carbonates of the western United States (Saltzman, 2005) is characterized by extended (>10 7 yr) periods of relatively stable δ 13 C trends alternating with shorter time intervals (~10 6 yr) defi ned by large, transient (most <1 m.y.) positive δ 13 C excursions. In general, it appears that times of major, short-lived positive excursions occur during relatively cooler or icehouse climates (Saltzman, 2005) . However, the Late Cambrian Steptoean positive C-isotope excursion (SPICE), which is characterized by a globally recognized ~3‰-5‰ positive δ 13 C excursion (Peng, 1992; Brasier, 1993; Glumac and Walker, 1998; Saltzman et al., 1998 Saltzman et al., , 2000 Cowan et al., 2005; Kouchinsky et al., 2008) , is unique within the Paleozoic record because it spans a longer time (~4 m.y.) than the other positive excursions and occurs during a time when direct evidence of highlatitude glaciation is lacking.
The relative timing of the SPICE is defi ned by trilobite biostratigraphy; the onset occurs near the Crepicephalus-Aphelaspis zonal boundary, the peak occurs in the Dunderbergia zone, and the return to background values occurs just below the Elvinia-Taenicephalus zonal boundary ( Fig. 1) (Saltzman et al., 1998) . The Crepicephalus-Aphelaspis zonal boundary defi nes the Marjumiid-Pterocephaliid biomere (biostratigraphic units bound by abrupt trilobite extinction events) boundary and coincides with global extinctions of particular trilobites, inarticulate brachiopods, and early conodonts (Palmer, 1984; Rieboldt, 2005) . The overlying Elvinia-Taenicephalus boundary defi nes the PterocephaliidPtychaspid biomere boundary and extinction event (Westrop, 1996) . As such, the SPICE is bracketed by global extinction events.
The SPICE is associated with (1) a positive δ 34 S excursion recorded within pyrite and carbonate-associated sulfate (Gill et al., 2011) , (2) a decrease in Mo isotopes and concentrations (Gill et al., 2011) , (3) a long-term sea-level fall (Saltzman et al., 2004) , and (4) an increase in δ 13 C of C org (Saltzman et al., 2011) . These combined data led Hurtgen et al. (2009) and Gill et al. (2011) to suggest that the SPICE represents widespread ocean anoxia and associated enhanced burial of C org and pyrite. Gill et al. (2011) proposed that reduced dissolved O 2 levels were a persistent feature of the Cambrian deep oceans and that the rise in sea level at the onset of the SPICE (Osleger and Read, 1993) expanded the anoxic zone, bringing cool, deeper ocean waters onto the shelf.
This expansion would result in enhanced C org and pyrite burial as well as the trilobite extinctions. To evaluate the paleoenvironmental conditions associated with the proposed anoxic event, we analyzed the δ 18 O values of apatitic inarticulate brachiopods spanning the SPICE at three localities across the United States. We utilize apatite, because, in contrast to calcite, it is less susceptible to diagenesis (Wenzel et al., 2000) . 
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STUDY AREAS AND SAMPLE MATERIALS
For this study, we sampled inarticulate brachiopods from three localities within the Late Cambrian southern subtropics. Two sites were located on the north-facing Laurentian continental margin in western Utah, and one along the Laurentian cratonic interior in central Iowa ( Figs. 1 and 2 ).
In the House Range of western Utah, the SPICE is characterized by an ~4‰ positive δ 13 C shift within an ~175-m-thick succession of offshore shales and carbonates, and nearshore carbonates the Orr Formation (Fig. 3A) (Saltzman et al., 1998; Rieboldt, 2005) . Approximately 100 km to the south in the Wah Wah Range, the ~3‰ SPICE occurs within an ~80 m thick succession of offshore through nearshore shales and carbonates in the Orr Formation (Fig. 3B ) (Saltzman et al., 1998; Rieboldt, 2005) . In the Rhinehart A-1 core of central Iowa, the ~3.5‰ SPICE occurs in an ~15 m condensed interval of offshore shales, interbedded carbonates, and quartz-and glauconite-bearing nearshore carbonates of the Bonneterre and Davis Formations ( Fig. 3C) (Saltzman et al., 2004; Runkel et al., 2007) .
Inarticulate brachiopod shells are composed of carbonate fl uorapatite interwoven with chitinous material (Ca 5 [PO 4 , CO 3 ] 3 [F, OH] ). Whole and fragmented dorsal and ventral valves from a range of brachiopod species (Fig. 2) (Rieboldt, 2005) were concentrated from samples using conventional dissolution techniques. Brachiopod valves were handpicked under a binocular microscope from the acid-insoluble residues and converted to Ag 3 PO 4 using a modifi ed O'Neil (O'Neil et al., 1994) (Saltzman et al., 1998 (Saltzman et al., , 2004 ). An earlier pilot study on Silurian inarticulate brachiopods tested the δ
18
O values of ventral versus dorsal valves, and results indicate no statistical differences; thus, a mixture of both valve types were analyzed for this study. The Ag 3 PO 4 crystals were analyzed in a high-temperature TC-EA reduction furnace at 1450 °C in a He stream (Elrick et al., 2009) . Isotope ratios of resultant CO were measured in continuous-fl ow isotope ratio mass spectrometry using a Finnigan MAT 252 mass spectrometer. The precision of analyses based on long-term measurement of standards is ±0.3‰ and is monitored by multiple analyses of several phosphate standards interspersed with samples. Values are reported relative to SMOW.
RESULTS
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O values range from 12.9‰ to 15.5‰ (Fig. 3A) . The onset of the SPICE δ 
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18 O values range from 12.5‰ to 14.5‰ (Fig. 3B) (Fig. 3C) . Across the Marjumiid-Pterocephaliid biomere boundary and extinction event, δ 
DISCUSSION
Previous results from studies comparing δ
18
O values of conodont versus brachiopod apatite (Luz et al., 1984; Karhu and Epstein, 1986; Lecuyer et al., 1998; Wenzel and Joachimski, 1996) indicate that brachiopod apatite δ
O values are consistently lower than coeval conodont apatite values by ~1‰ to 3‰. Lecuyer et al. (1998) interpret this as the result of early microbial degradation of organic matter interwoven within the brachiopod apatite; the microbial enzymatic activity stimulates secondary apatite precipitation into voids within the primary apatite shell resulting in a shift to lower δ 18 O values. A comparable diagenetic shift to lower δ 18 O values in all three study areas would be expected given that microbial degradation processes are pervasive in most sedimentary and shallow burial environments regardless of location.
An early diagenetic overprinting of the Late Cambrian brachiopods of this study is also suggested by the unreasonably warm seawater temperatures of ~36 °C to 53 °C calculated using the Kolodny et al. (1983) and ~45 °C to 62 °C using the Puceat et al. (2010) apatite temperature conversion equations. The calculated increase in temperature leading into the SPICE warm peak ranges from ~9 to 12 °C, and the decrease in temperature from the warm peak toward the Pterocephaliid-Ptychaspid biomere boundary is ~6 °C (assuming ice-free conditions and Late Cambrian seawater δ
O values of −1‰; Picard et al., 1998) . These magnitudes of subtropical seawater temperature over <1-2 m.y. time intervals are not reasonable given the overall warm Late Cambrian climate interpretations (Frakes et al., 1992) . Alternatively, it has been argued that Paleozoic seawaters had signifi cantly lower δ 18 O values than the last ~150 m.y. (Veizer et al., 1999) . If this assumption is correct, then temperatures inferred from the measured brachiopod apatite δ 18 O would be more reasonable (<25 °C). Regardless of the absolute temperature values, the trend of isotopic values across the SPICE suggests seawater warming.
Two previous studies report similar but offset δ 18 O isotopic trends between brachiopod and coeval conodont apatite (Wenzel et al., 2000) and brachiopod and coeval fi sh apatite (Zigaite et al., 2010) suggesting that despite diagenesis, brachiopod apatite can be used for evaluating relative δ 18 O changes through time. We acknowledge the diagenetic effects, but argue that the overall similarity in isotopic trends between the three studied successions and the consistent inverse relationships with the SPICE δ 13 C and δ 18 O curves indicate that the brachiopods preserve a record of the relative δ
O changes occurring around Laurentia at this time. We argue against isotopic shifts related to the ice-volume effect because observed δ
18 O values are opposite to those expected if the melting and growth of glacial ice were controlling δ 18 O trends. If our interpretations are correct, the following trends are suggested (Fig. 3) . The positive δ The interpreted seawater cooling event across the Marjumiid-Pterocephaliid biomere boundary at the onset of the SPICE supports earlier interpretations of the infl ux of cool upwelling waters onto the shallow shelf to explain several Late Cambrian biomere extinctions (LochmanBalk, 1970; Stitt, 1975; Taylor, 1977; Palmer, 1984; Perfetta et al., 1999) . This would explain the replacement of shallow, warm-water trilobite faunas by those normally found in cool, deeper-water settings.
The observed relationship of the warmest seawater coinciding with the rising limb of the SPICE supports the hypothesis that enhanced preservation/burial of C org , leading to a positive δ 13 C excursion, was due in part to seawater warming, resultant reduction in dissolved O 2 , and enhanced shelf anoxia. We suggest that seawater warming may have combined with reduced thermohaline circulation to sustain the anoxic event, particularly if Late Cambrian marine O 2 levels were low prior to the SPICE (Berry and Wilde, 1978; Gill et al., 2011) . This interpreted Late Cambrian anoxic event supports the view of fl uctuating marine redox, oxygen, and sulfate conditions in the transition between the late Neoproterozoic and early Paleozoic (Berry and Wilde, 1978; Hurtgen et al., 2009; Gill et al., 2011) .
What remains unanswered is the cause of the warming event. Many large positive δ 13 C excursions, including the SPICE, are commonly attributed to enhanced burial/preservation of C org , which results in sequestration of atmospheric CO 2 and hence climatic cooling (e.g., Kump and Arthur, 1999; Gill et al., 2011) . Enhanced C org burial/preservation is followed by release of O 2 that eventually provides a negative feedback on δ 13 C and falling pCO 2 (Saltzman et al., 2011) . If our interpretation of seawater warming is correct and the warming is global rather than related to regional ocean current changes, then it requires additional CO 2 inputs to offset the buried C org , which could include volcanic/metamorphic degassing and/or decreased silicate weathering (Kump and Arthur, 1999) . However, differentiating between these potential sources awaits further investigations. O values were altered during early diagenesis. Despite diagenesis, the three localities show similar trends and consistent inverse relationships with the SPICE δ 13 C curve, indicating that the brachiopod apatite preserves a record of the relative seawater temperature changes occurring around Laurentia.
CONCLUSIONS
3. The higher δ
18
O values during the extinction at the onset of the SPICE suggest seawater cooling and support earlier proposed hypotheses of upwelling of cool waters onto the shallow shelf. Decreasing and low δ
O values coincident with the peak SPICE support the hypothesis that seawater warming combined with reduced thermohaline circulation rates contributed to decreased dissolved O 2 concentrations,
